We discuss inclusive production of open charm mesons in proton-proton scattering at the BNL RHIC. The calculation is performed in the framework of k t -factorization approach which effectively includes higher-order pQCD corrections. Different models of unintegrated gluon distributions (UGDF) from the literature are used. We focus on UGDF models favoured by the LHC data and on a new up-to-date parametrizations based on the HERA collider DIS high-precision data.
I. INTRODUCTION
Production of heavy quarks is of substantial and ongoing interest in high energy hadronic collisions. This statement had not changed in nearly 40 years, when the charm and bottom flavoured particles were discovered. The energy scale for the production of charm and bottom quarks is significantly higher than the typical Quantum Chromodynamics (QCD) scale, Λ QCD ∼ 0.2 GeV. This gives the value of strong coupling of the order of α S ∼ 0.2 − 0.3, which is small enough to apply perturbative QCD techniques.
At the present level of knowledge and current experimental abilities, heavy flavours are known as one of the best testing grounds of the theory of hard QCD interactions. Theoretical analyses of charm and bottom cross sections in proton-proton interactions provide an unique precision tool in this context. Due to their mass, heavy quarks are also belived to be a special probe of the medium created in heavy ion collisions. Since heavy quarks are only produced in the initial stage of the heavy ion collisions, heavy quark distributions from proton-proton interactions supply a well defined initial state. Their further propagation through the hot and dense medium probes its interesting characteristics.
Measurements of charm and bottom cross sections at hadron colliders can be per- [2] , which contains information on the strength of flavour-changing weak decays.
The decays within the same quark generation are strongly favoured over decays between generations.
Main virtues of the semileptonic modes come from the fact that they have bigger branching fractions than the hadronic D meson decay channels. Moreover, in the former the effects of strong interactions can be isolated and thus they are better accessible experimentally. In addition, direct lepton production through weak and electromagnetic interactions in hadronic collisions is suppressed relative to the strong interaction by twelve and four orders of magnitude, respectively [3] .
However, electrons and muons are certainly not rare paticles because they are abundantly produced in light hadron decays. These rather problematic background must be accounted for and eliminated through experimental techniques. If the primary sources of background are well understood and substracted, the remaining events can then be attributed to the heavy flavour signal.
Another method for experimental investigation of charm and bottom quark production at hadron colliders is the direct procedure based on full reconstruction of all decay products of open charm and bottom mesons, for instance in the
The hadronic decay products can be used to built invariant mass distributions, permitting direct observation of D or B meson as a peak in the experimental invariant mass spectrum. Open charm D and B mesons are characterized by rather long lifetimes, of the order of ∼ 10 −13 and ∼ 10 −12 seconds, respecitvely. Charm and bottom quarks decay essentially at the collision vertex, while heavy flavour mesons decay from a secondary vertex offset by the boosted lifetime of the paticle. In the direct approach the charm and bottom contributions can be well separated, which is not the case in the indirect method. In the latter case, it can be achieved only within the analysis of lepton-meson (e.g. e-D) correlations [4] , which are easily available e.g. in the k t -factorization approach.
The STAR and PHENIX collaborations have measured transverse momentum distributions of electrons coming from the semileptonic decays of heavy flavoured hadrons in proton-proton scattering at the RHIC energy √ s = 200 GeV with lepton transverse momenta up to 10 GeV in the midrapidity region [5, 6] . In addition, the STAR collaboration was able to separate the charm and bottom contributions to the spectra of heavy flavour electrons [7] . The PHENIX collaboration has also measured non-photonic dilepton invariant mass spectrum from 0 to 8 GeV in proton-proton collisions at
GeV [8] . On the theoretical side, the cross sections for inclusive production of the nonphotonic electrons at RHIC have been studied theoretically up to the next-to-leading order pQCD collinear approximation within the FONLL approach in Ref. [9] . The first theoretical investigation within the competitive QCD k t -factorization framework was done in Refs. [10, 11] , including more exclusive studies of kinematical correlations.
Very recently, the STAR collaboration measured for the first time transverse momentum spectra of D * and D 0 mesons up to 6 GeV at √ s = 200 [12] and 500 GeV [13] in proton-proton collisions. Before, studies of charm production at RHIC through hadronic decay channels were performed only in Cu-Cu collisions [14] and in proton-proton scattering but for D * mesons produced in jets [15] . Up to now, the new STAR proton-proton data on open charm production were studied only in the context of high energy pA collisions in the Color Glass Condensate framework with the unintegrated gluon densities from the solution of rcBK equation [16] .
Our aim here is to make first theoretical analysis of the measured hadron-level charm differential cross section within the k t -factorization approach. The open charm meson data allow us to make more direct comparison of the theoretical predictions and RHIC experimental results on heavy flavour production without including additional step related to the semileptonic decays. Recently, the formalism of the k t -factorization approach has been found to give very good description of open charm [17] and bottom [18, 19] production rates and kinematical correlations in proton-proton scattering at √ s = 7 TeV measured by the ALICE, ATLAS, CMS and LHCb experiments. However, a significant sensitivity of theoretical predictions on the model of unintegrated (transverse momentum dependent) gluon distributions (UGDFs) used in calculations has been also reported. [10] .
Precise predictions for charmed mesons may also shed new light on the theoretical understanding of non-photonic lepton production at RHIC. Our previous studies of these processes within the k t -factorization approach were based on rather older models of UGDFs which may be the reason of the reported missing strength in description of the RHIC experimental data. Similar problem was also noticed within the NLO collinear calculations in the FONLL model, where only upper limits of the theoretical predictions are consistent with the relevant STAR and PHENIX data [9] . Therefore, in the following paper we will also revise theoretical cross sections of the non-photonic lepton production at RHIC wihtin the k t -factorizaton approach, taking as a reference point the results obtained in the analysis of the new hadron-level STAR data. In the following calculation, except of updated UGDFs, we also take into account the effect of transformation of semileptonic decay functions between laboratory (e + e − center-of-mass system) and rest frames of decaying D or B mesons.
II. THEORETICAL FORMALISM
Several different mechanisms play a role in heavy quark hadroproduction. In general, in the framework of QCD there are two types of the O(α 2 S ) leading-order (LO) 2 → 2 subprocesses:→ QQ and gg → QQ [20] , often referred to as heavy quark-antiquark pair creation. The first mechanism, qq-annihilation, is important only near the threshold and at very large invariant masses of QQ system or extremely forward rapidities.
This contribution is therefore especially important in the case of top quark production, however, for charm and bottom production, starting from RHIC, through Tevatron, up to the LHC it can be safely neglected. At high energies, production of charm and bottom flavours is dominated by the gluon-gluon fusion, which is the starting point of the following analysis. In the case of heavy quark production the O(α 3 S ) next-to-leading order (NLO) perturbative contributions have been found to be of special importance (see e.g. [21] ) and have to be included in order to describe the heavy flavour high energy experimental data.
The QED contributions, with one or two photons initiated reactions, such as γg → QQ, gγ → QQ, γγ → QQ have been carefully studied in Ref. [22] together with other sub-leading contributions to production of charm and were found to be negligibly small at high energies.
In the following, the cross sections for charm and bottom quark production in protonproton collisions are calculated in the framework of the k t -factorization approach. This framework has been successfully applied for different high energy processes, including heavy quark production (see e.g. [17] and references therein). According to this approach, the transverse momenta k t 's (virtualities) of partons which initiate reaction are taken into account and the sum of transverse momenta of the final Q and Q no longer cancels. Then the LO differential cross section for the QQ pair production reads:
where
, k 2 2,t ) are the UGDFs for the both colliding hadrons. The extra integration is over transverse momenta of the initial partons. Explicit treatment of the transverse part of momenta makes the approach very efficient in studies of correlation observables. The two-dimensional Dirac delta function assures momentum conservation. The unintegrated (transverse momentum dependent) gluon distributions must be evaluated at:
Q is the quark/antiquark transverse mass. In the case of heavy quark production at RHIC energies, especially in the central rapidity region, one test kinematical regime of x > 10 −2 .
The LO matrix element squared for off-shell gluons is taken in the analytic form proposed by Catani, Ciafaloni and Hautmann (CCH) [23] . This analytic formula was basically derived within the standard QCD framework and can be adopted to the numerical analyses. It was also checked that the CCH expression is consistent with those presented later in Refs. [24, 25] and in the limit of k 2 1,t → 0, k 2 2,t → 0 it converges to the on-shell formula.
The calculation of higher-order corrections in the k t -factorization is much more complicated than in the case of collinear approximation. However, the common statement is that actually in the k t -factorization approach with LO off-shell matrix elements some part of higher-order corrections is effectively included. This is due to emission of extra gluons encoded in the unintegrated gluon densities. More details of the theoretical formalism adopted here can be found in Ref. [17] .
In the numerical calculation below we have applied several unintegrated gluon densities which are based on different theoretical assumptions. The Kimber-Martin-Ryskin (KMR) UGDF is derived from a modified DGLAP-BFKL evolution equation [26, 27] and has been found recently to work very well in the case of charm and bottom production at the LHC. A special emphasis here is put on the UGDF models obtained as a solution of CCFM evolution equation. Here we use an older Jung setB0 parametrization [28] and up-to-date JH2013 distributions [29] determined from the fits to HERA high-precision DIS measurements. The JH2013 set1 is obtained from the fit to inclusive F 2 data only while JH2013 set2 is derived from the fit to both The transition from quarks and gluons to hadrons, called hadronization or parton fragmentation, can be so far approached only through phenomenological models. In principle, in the case of multi-particle final states the Lund string model [31] and the cluster fragmentation model [32] are often used. However, the hadronization of heavy quarks in non-Monte-Carlo calculations is usually done with the help of fragmentation functions (FF). The latter are similar objects as the parton distribution functions (PDFs) and provide the probability for finding a hadron produced from a high energy quark or gluon.
Considering fragmentation of a high energy quark (parton) q with zero transverse momentum p t into a hadron q → h + X one usually assumes that the transition is soft and does not add any transverse momentum. In consequence it is a delta function in transverse momentum.
Defining D(z)dz as the probability for the quark q fragmenting into a hadron h which carries a fraction z of its longitudinal momentum, the spectrum of hadrons is given by 
However, one often neglects the intrinsic transverse momentum assuming:
Then the general formula reads 6) or integrating out the δ-functions
It is belived that this procedure provides correct implementation of small intrinsic transverse momentum into the splitting. Since the hadron on-shell four momentum is fully specified by x h and p t,h , starting from the above formula one can calculate many different distributions. Especially conversion to the rapidity distributions is very simple because of the trivial jacobian:
It can be further written
Neglecting masses, one has 10) so that, The delta function now becomes It is worth to notice, that at finite p t,h it should never be really large: small z is damped by the fact that the quark spectrum drops rapidly as a function of p t,q = p t,h /z. However, at p t,h = 0, that suppression causes an effect and the whole integral over z becomes important, with very small z causing large rapidity shifts. Fortunately, for heavy quarks, the fragmentation function is peaked at large z (see e.g. [33] ). Moreover, one has to remember, that taking into account the small-z region in the fragmentation function is theoretically not warranted, since the standard DGLAP approach to fragmentation breaks down in this region. and Q → h fragmentation functions:
where p t,Q = p t,h z and z is the fraction of longitudinal momentum of heavy quark Q carried by a hadron h. The origin why the approximation typical for light hadrons assuming that y Q is unchanged in the fragmentation process, i.e. y h = y Q , is also applied in the case of heavy hadrons was carefully clarified in the previous paragraph and is commonly accepted.
As a default set in all the following numerical calculations the standard Peterson model of fragmentation function [34] with the parameters ε c = 0.02 and ε b = 0.001 is applied. This choice of fragmentation function and parameters is based on our previous theoretical studies of open charm production at the LHC [17] , where detailed analysis of uncertainties related with application of different models of FFs was done. Here, we decided not to repeat all the previously analyzed issues and take into consideration only the most data-favoured scenario 1 . The main conclusions should not change when moving from LHC to RHIC energies and the uncertainties due to the fragmentation effects may be neglected with respect to those related to the perturbative part of the calculation. Theoretical predictions for production of non-photonic leptons in proton-proton scattering is a three-step process. The whole procedure can be written in the following schematic way:
where the symbol ⊗ denotes a generic convolution. Thus, the cross section for nonphotonic leptons is a convolution of the cross section for heavy quarks with fragmentation function D Q→h and with semileptonic decay function f h→l ± for heavy mesons.
In principle, the semileptonic decays can be calculated [36] . The simplest approach to describe the decays of D and B mesons is given by the spectator model [36] , where the QCD effects from the higher-order corrections between heavy Q and lightuarks are neglected. This model works better for bottom quarks since there the mass sufficiently suppresses these corrections. In the case of charm, the QCD effects become more important but they can be also qualitatively modelled.
Since there are many decay channels with different number of particles the above procedure is not easy and rather labor-intensive. It introduces some model uncertainties and requires inclusion of all final state channels explicitly.
An alternative way to incorporate semileptonic decays into theoretical model is to take relevant experimental input. For example, the CLEO [37] and BABAR [38] In these purely empirical parametrizations p must be taken in GeV.
In order to take into account the small effect of the non-zero motion of the D mesons in the case of the CLEO experiment and of the B mesons in the case of the BABAR experiment, the above parametrizations of the fits in the laboratory frames have to be modified.
The improvement can be achieved by including the boost of the new modified rest frame functions to the CLEO and BABAR laboratory frames. Both, laboratory and rest frame parametrizations of the semileptonic decay functions for D and B mesons are drawn in Fig. 1 together with the CLEO (left panel) and parametrizations appear only at larger values of electron momentum. The influence of this effect on differential cross sections of non-photonic leptons is expected to be negligible and will be shown when presenting numerical results. Our analytical formulas for the rest frame decay functions only slightly differ from those obtained in Ref. [40] .
The theoretical model for non-photonic lepton production in hadronic reactions described here has been recently found to give a very good description of the experimental data collected with the ALICE detector at the LHC [41, 42] .
III. NUMERICAL RESULTS
The total cross section for charm production in pp scattering extracted from the STAR 
B. Non-photonic electrons
A first theoretical investigation of the non-photonic electron production at RHIC within the framework of the k t -factorization was performed in Ref. [10] . Some missing strength in the description of the measured differential distributions has been reported there, especially in the region of small transverse momenta. In the meantime, the STAR collaboration has published new measurements of non-photonic electrons with separated charm and bottom contributions [7] . Therefore, it is very interesting to make a revision of theoretical cross sections taking into account the new results from the hadron-level analysis of charm production at RHIC. Here, our previous results from Ref. [10] are updated by the application of the Jung setB0 UGDF which as was shown in the previous subsection works very well for the STAR data on open charm meson production.
The experimental cross sections for charm and bottom flavoured electrons measured at RHIC are collected in Table II . The values calculated with the Jung setB0 UGDF are consistent with the measurements. In Fig. 5 the results for summed contributions of charm and bottom flavours are Finally, the effects related to the fitting procedure of the CLEO and BABAR semileptonic data are depicted in Fig. 6 . Here, both sets of the semileptonic decay functions are used. As can be observed from the figure these effects do not really affect the electron spectra at RHIC. The difference is very small and sligthtly increases at higher transverse momenta. In the case of charm flavour (left panel), the application of the boosted decay function leads to a damping of the cross section by about 20% at p t = 10 GeV. For the bottom flavour (right panel) the corresponding suppresion is only about 5%, which is completely negligible.
IV. CONCLUSIONS
In this paper we have dicussed production of charm mesons and non-photonic electrons in proton-proton scattering at the BNL RHIC. The calculation of the charm quarkantiquark pairs has been performed in the framework of k t -factorization approach which effectively includes higher-order pQCD corrections.
We have used different models of unintegrated gluon distributions from the literature, including those that were applied recently to describe charm data at the LHC and others 
